The canting angles and fluctuation of the magnetic ion spins of spinel oxide MnCr 2 O 4 were studied by nuclear magnetic resonance (NMR) at low temperatures, which has a collinear ferrimagnetic order below T C and a ferrimagnetic spiral order below T s < T C . Contrary to previous reports, only one spin canting angle of Cr ions was observed. The spin canting angles of Mn and Cr ions in the ferrimagnetic spiral obtained at a liquid-He temperature were 43 • and 110 • , respectively. The nuclear spin-spin relaxation was determined by the Suhl-Nakamura interaction at low temperatures but the relaxation rate T −1 2 increases rapidly as the temperature approaches T s . This indicates that the fluctuation of the spiral component becomes faster as the temperature increases but not fast enough to leave an averaged hyperfine field to nuclei in the time scale of nuclear spin precession in the ferrimagnetic phase, which is on the order of 10 −8 s. The spiral volume fraction measured for various temperatures reveals that the collinear and the spiral ferrimagnetic phases are mixed below the transition temperature of the spiral order. The temperature hysteresis in the volume fraction implies that this transition has first-order characteristics.
I. INTRODUCTION
One of the reasons spinel oxides AB 2 O 4 have been of interest is the various spin structures they show at low temperatures. [1] [2] [3] Cubic spinels M Cr 2 O 4 (M =Mn, Co) have drawn much attention recently in relation with multiferroics since it was found that their spin configuration leads ferroelectric. 4 The magnetic phase of M Cr 2 O 4 changes from paramagnetic to ferrimagnetic and from ferrimagnetic to spiral orders as the temperature decreases, even becoming glass-like at low temperatures. The complexity in the spin structure of cubic spinels results from geometrical frustration among the spins of B site ions, which form the lattice of corner-sharing tetrahedra. M (Cr) ions occupy the A (B) sites that locate at the center of a tetrahedron (octahedron) in the oxygen lattice. Both the M ions and Cr ions are magnetic, and their magnetization directions are opposed in the ordered states.
The antiferromagnetic exchange interaction J BB among the spins of the B site ions does not induce ordered states due to the aforementioned frustration. 5 However, the addition of the exchange interaction J AB between the A and B site ions can give rise to a magnetic order.
The relative strength of J AB to J BB is the key factor determining the state of the magnetic order, including the spin canting angle. The Néel configuration, a collinear ferrimagnet, is expected to be the ground state when J BB is much weaker than J AB . As J BB increases, both the M and Cr spins become canted and the magnetic structure becomes complex.
A classical theory predicts that the ground state of a cubic spinel is determined by the parameter u = 4J BB S B /3J AB S A , where S A and S B are the spin magnitudes at the A and B sites, respectively. 6 The Néel configuration is the ground state when u < 8/9 and the ferrimagnetic spiral is locally stable when 8/9 < u < 1.3. It becomes unstable when u > 1.3.
An early neutron diffraction experiment showed that the ferrimagnetic spiral is the ground • pulses. The 53 Cr NMR spectrum was measured in the frequency range from 60 to 70 MHz, and the 55 Mn NMR spectrum was assessed from 530 to 560 MHz. As the spectral width was very broad, the signal intensity was measured as a function of the frequency after selective excitation.
III. RESULTS AND DISCUSSION
The magnetization versus the temperature curves show a discrepancy in the transition temperatures of the ferrimagnetic spiral and the collinear ferrimagnet of the polycrystalline and single-crystalline samples. In Fig. 1 , the thick solid and dashed lines represent the field cooling (FC) and zero field cooling (ZFC) M(T) curves of the polycrystalline sample, respectively, and the thin solid and dotted lines represent those of the single crystal. T C is relatively well defined by the abrupt increase in the magnetization in both samples of approximately 40 K for the polycrystalline sample and 50 K for the single-crystalline sample.
T s of the polycrystalline sample is more clearly defined by the abrupt decrease in the magnetization at 20 K compared to that of the single-crystalline sample, whose magnetization decreases smoothly at approximately 12 K only in the ZFC case. The M(T) curves of our polycrystalline and single-crystalline samples are in good agreement with those in previous reports. 11, 13 One of the reasons for the difference in the characteristics of the two samples is the site disorder in the single-crystalline sample. X-ray absorption spectroscopy showed that the Mn ions occupy only the A sites and the Cr ions occupy the B sites in our polycrystalline sample, whereas both ions are found in both sites in the single-crystalline sample.
14 All of the experimental data described below were obtained from the polycrystalline sample. This is not a splitting but a suppression of the spectral intensity around the center due to the frequency-dependent nuclear spin-spin relaxation rate. In an ordered magnetic insulator containing a high concentration of identical magnetic nuclear spins, the Suhl-Nakmura (SN) interaction, in which nuclear spins are indirectly coupled by virtual magnons, is expected to play a major role in the NMR relaxation at low temperatures. It is known that the SN interaction generates a field-and frequency-dependent T 2 with a minimum occurring in the center of the spectrum, as the majority of nuclear spins precess at this frequency. This most likely explains why a double peak was observed in the previous NMR work, rather than the difference in the sample quality. 10 The difference of only 3 % in the canting angles of the two Cr spins associated with the two peaks in the previous NMR report supports this claim, because the experimental error of the canting angle as estimated by NMR is larger than this in general. The 55 Mn NMR spectrum showed a well-defined single peak centered around 550 MHz in a zero field at the liquid-Helium temperature.
The spin canting angles of the Mn 2+ and Cr 3+ ions relative to the magnetization direction are determined by the shift of the spectrum with an external field. The NMR resonance frequency f is proportional to the magnitude of the total field, which is the vector sum of the hyperfine field H hf and external field H ext . This is expressed as follows:
where γ is the gyromagnetic ratio, and θ is the angle between H hf and H ext . The direction of the hyperfine field is antiparallel to the local magnetization in most magnetic materials, providing the minus sign in the equation. As the hyperfine fields of the Mn 2+ and Cr 3+ ions in MnCr 2 O 4 are more than one order of magnitude larger than the external magnetic field used in the experiment, the first-order approximation of the total field can be taken. The slope of the frequency shift with external field is then determined as γ/2π cos θ.
In Fig. 3 , the center frequencies of the Cr and Mn NMR spectra obtained at 4. The NMR signal intensity is in general a function of the temperature, T 2 , and the number of nuclei. The data points in Fig. 5 , where the Cr NMR signal intensity vs. the temperature is plotted, were obtained from the raw experimental data after temperature and T 2 correction. Thus, they represent the number of the nuclei producing the signal. The signal intensity obtained while warming the sample stays constant while that obtained while cooling it changes. It is worthwhile to note that the NMR signal is observed not in the ferrimagnetic phase but only in the spiral phase of MnCr 2 O 4 . Therefore, the corrected signal intensity in the figure is proportional to the volume of the ferrimagnetic spiral phase. remains in the ferrimagnetic phase well below T s . In the temperature region where the signal intensity changes, the two phases coexist. Depending on the temperature change history, the ferrimagnetic spiral phase is embedded in the matrix of the collinear ferrimagnet phase.
This mixed phase might have caused some error in the measurement of various quantities in the previous neutron diffraction and NMR experiments. The temperature hysteresis in the volume of the ferrimagnetic spiral phase can be ascribed to a first-order transition at T s .
An ESR work on the similar cubic spinel CoCr 2 O 4 showed an abrupt shift of the frequency at T s , also indicating a first-order transition. 18 The experimental evidence is in conflict to the second-order transition on which the classical theory is based. The Mn NMR signal intensity also showed a similar temperature hysteresis.
IV. CONCLUSION
The spin canting angles of Mn and Cr ions and the nuclear spin-spin relaxation rates were 
